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I. INTRODUCTION

Most carbon and graphite materials originate in the pyrolysis of organic
precur-ors derived from oil or coal, and the critical stage in establishing
the layered molecular architecture 1is the transition through the liguid-
crystalline state known as the carbonacecus mesophase. The extensive
"chicken-wire" molecules formed by aromatic polymerization are stiff and
strong in their layer planes, but the weak bonding between adjacent parallel
layers permits turbostratic stacking {(the absence of crystailine registry
between layers). As illustrated by Fig. ', the layers can bend, splay, and
twist to form microstructures quite different from those of other ceramic
materials.

Various processes have been developed to form carbon into filaments.1

When those processes also produce strong preferred orientations of graphitic
layers parallel to the filament, the tensile moduli may exceed those of all
competitive fibers. Although the most commonly used fibers today are produced
by spinning and carbonizing polyacrylonitrile (PAN), the highest tensile
moduli are attained in fibers spun from pitch in the mesophase (liquid
crystalline) state. Both fiber types represent solutions to the basic micro-
structural problem of how to realize the strength and stiffness of the two-
dimensional graphitic layer in a three-dimensional body.

Mesophase carbon fibers exemplify the manipulation of basic mesophase

2 The struc-

mechanisms to form favorable microstructure in carbon products.
tural details generally are too fine to be resolved by the polarized-light
techniques that are useful for such mesophase products as petroleum coke.
However, tensile fracture of the high-modulus fibers occurs with extensive
shear, and the resulting serrated fracture surfaces provide good structural
definition for SEM observations. The filaments in Fig. 2 include three basic
fiber morphologies, all of which can be sketched plausibly in terms of

mesophase disclinations.3
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11. THE CARBONACEOUS MESOPHASE :S
]
) -~
Y
; The polarized-light micrographs and 1layer morphologies of mesophase o~
4 .
spherules formed in a pyrolyzed pitch (Fig. 3), although now familiar to ;:
carbon technologists, may seem strange to metallurgists or ceramists. The ?
three-dimensional layer morphology also seemed unlikely to G. H. Taylor, who

first tentatively proposed that structure in 1961.5 In subsequent work with
J. D. Brooks,6 he applied selected-area electron diffraction to confirm what
nas come to be known as the Brooks and Taylor structure. Those pioneering
workers then went on to demonstrate that the mesophase transformation is the
basic mechanism determining both the microstructure and graphitizability of

carbon materials produced by the pyrolysis of organic liquids.7

The carbonaceous mesophase usually appears in the pyrolysis of tars or
other organic precursors at about 400°C, at which point polymerization reac-
tions produce large, flat molecules with weights of 500 amu or higher. The

molecules have widely varying size and structural detail, but their parallel

alignment establishes a discotic nematic order similar to that of conventional

'
liquid crystals for which the structural units are rods rather than discs. iu
Mesophase formation may be viewed as a liquid-state ordering transformation, }:

tut the molecules align only approximately parallel, and bend, splay, and
8

LA

twist deformations are accommodated with little strain energy. Soon after

the mesophase spherules appear, bulk mesophase begins to form by the

’
oL

coalescence process 1llustrated in Fig. 4. The resulting lamelliform mor-

r.r'-'ilv'r A g N

[
Py s

phology extends throughout the body without interruption by grain boundaries.
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MESOPHASE MORPHOLOGY AND DISCLINATION STRUCTURES

4

;

In btlk mesophase observed by crossed polarizers (Fig. 5)., 1.aes a2 a
crosses appear as prominent features of the polarized iight extinctiourn coi- é
tours. The nodes and crosses rotate either with or against the pilare of ‘
polarization when tre plane of polarization (or the microscope stage) is E
rotated, but their centers remain fixed at specific points on the polisnhed -i
surface of the bulk mesophase. When the layer orientations are mapped, as in é

Fig. 6, the nodes and crosses correspond to disclinations of the same type as

10

those observed in nematic liquid ecrystals. They are essentially layer-

stacking discontinuities that result from the ease of bend, splay, and twist

in the liquid crystal.11

Disclinations are rare in ordinary crystalline materials. Figure 7
indicates the reason: The distortions at the core of a crystal disclination
are so large that disclinations are prohibited from forming, except by entrap-
ment mechanisms, such as the hardening of a liquid crystal. Figure 7 also
1llustrates how a Nabarro circuit (analogous to a Burgers circuit for a
crystal dislocation) can be used to define the rotational strength of a

disclination.12

Models of the wedge and twist disclinations commonly found in the car-
bonaceous mesophase are sketched in Fig. 8. Under observation by polarized
light, the 2 disclinations appear as nodes and the *2r disclinations appear
as crosses. The twist disclination represents the case in which the

jisclination lire runs normal to the Nabarro rotation vector.

Knowing the way mesophase behaves when in contact with carbon fiber is

L

important to the fabrication of carbon-fiber-reinforced carbon-matrix com-

B
L R )

posite materiais. Mesophase layers ncrmally align parallel to the substrate

friaments tc produce a sheath effect (Fig. 4) that dominates the formation of

.-
S MICroSLructure  In tre Matrix. 3 The matrix disc.:inatiorns within a fiber

. Sundle car tr.s e readily predicted from tre geometry of filaments surround-

. iTg fach matilx channuel. A sketoh of g -2» Jiscl.nation 1s included in Fig. 9

te shiow that  the cores <t *.» disc,inatisns reod not te discentinunus  as
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sketched in Fig. 8; instead, the layers of the core tilt to form a saddlelike

configuration.
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. IV. MESOPHASE DEFORMATION AND DISCLINATION REACTIONS
\E: The presentation of this paper included a seven-minute film prepared by
;;: hot-stage microscopy, to demonstrate the dynamic aspects of mesophase
‘_ behavior. The film, made by M. Buechler and C. B. Ng of our Materials
:}? Sciences Laboratory, summarizes their observaticns of mesophase coalescence,
'}n disclination reactions, and mesophase «eformation in the pyrolysis of a
N petroleum pitch {(Ashland A240).w'15 [The film is available at cost ($25), in

either 16-mm film or VHS videocassette, by application to the address given on

;;' the cover.] The various structural phenomena appear with good clarity at a
?g free surface because the mesophase layers preferentially stand perpendicular
::: to the surface.

“ Over sixty years ago, Friedel16 showed that all possible reactions
‘EEZ petween *n and *2n disclinations can occur in conventional nematic liquid
;;; crystals; they also occur in the carbonaceous mesophase, including:

N Annihilation and formation reactions, (£27) + (#2n) = O
S Combination and dissociation reactions, (fn) + (%n) == (*2n)

\: As pyrolysis proceeds, the viscosity rises and the disclination reactions slow
3; well before the mesophase hardens to a coke. The spatial geometry of reac-
C oy tions between disclinations of different order, e.g., (%n) + (32n ) = (3n),
j}: has been studied by sequentially sectioning quenched mesophase.17 Such
;:i reactions consist of three disclinations meeting at a reaction point whose
:E? direction of motion determines the direction of the reaction (Fig. 10).

:: Mesophase flow is fundamental to mesophase-fiber spinning and needle-coke
f;: formation as well as to the disclination-structure formation within the
;5: products. Mesophase rods can be drawn by uniaxial deformation to produce
E;; fibrous morphologies consisting of nearly pure wedge disclination lines
P running parallel to the draw direction. Biaxial deformation, as experienced
\j by the wall of an expanding bubble, produces lamellar morphologies with folded
tj mesophase layers;9 as sketched in Fig. 11, the folds are bounded by dis-
ﬁ; clinations that vary from pure twist to pure wedge. If the depicted disclina-

. tion loop subsequently undergoes extension, it can deform to a pair of closely
¥
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spaced wedge disclinations of opposite

sign, poised for
reaction if the viscosity has not risen too high

an annihilation

-1 +2T

REACTION
POINT

™

¥

. e - -
LR R BT
[t

— e —— -

Fig. 10. Spatial sketch of a disclination reaction; from Ref. 3.
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Fig.

DISCLINATION LOOP WEDGE (+ =)
BEFORE DEFORMATION TWIST

TWIST

WEDGE (- )

AFTER EXTENSIONAL DEFORMATION
NEARLY PURE WEDGE (+ )

= = N T e
e e

ZTWIST NEARLY PURE WEDGE (-#)  TWIST

17. A folded vregion in bulk mesophase can be represented as a
disclination loop. Uniaxial deformation alters the spacing ad
character of the disclinations; from Ref. 3.
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V. STABILIZATION OF DISCLINATION AKHRAYS

vos..ueoa piven disclination array, such as the wedge disclinations of
1 Syrar Mesooroase riber, inoa grapnitized body, the microstructire must be
AU oL e 5 tnat o shape changes and gisclination reactions will not occur

Sl e garsonizition renglired Lo convert  the mesopndase  To graphite.

Mg tane Uibers oWt w-um Jiameters gre stabllived by ZJifrusity oxygern
Ot tee UilAamern s T Lt Bl Lide TV TesophRase Ly Chanse LIk IR 4 CHyPe
Pt N Wt g Do reor et Gnt o olenl Sy Statl L vy Tirer spun tromoa
t A
T troL e M-8 T MesLpase LT - CArT tTne exter T T wWwr I oh LxLddt it cal
oo el U Stab. ol die JUSC. i at M STt ires o Lulk  TOosophase,  we navee
Measoarel Srhe effedt 1 STdL . 1t ‘ Jeths r mMesophane Tolien Wilh we -
Jetlrol Tt omacresty ot ares ™
[ NS was v Lty ' B L T S Leod e Ly ooapp oy L 1
AR (RS B S S Y A PooLy et LT qn D I dw Ly Mesartiane Lo,
. NN Tree Do 2les beldw Ure o sullenitg polnt, oand ther o oo st ot o0 anid
JLserse The Qoptn oo wWhich the origlitia. microstrudtadre wWwias retainsd, ot

results ol a statillization experiment onoa magneticasly or Lanted mesophase

{ =

- . . . S
plate (Fig. '2), essentialiy a disclination-free sitgie liguia crystal, <" the

ocriented rius 4long  the craces 15 trie carturnized specimen evidence the

microstructure to be stat..ized to a Jeptn of 7 um from any crack with accous

Lo the Saygern atmosphners .

crosimilar oxidation and carboriization Ssxperiments on o drawh mesophase
rods, isiustrated oy Fig. 13, the aepth of stabiilzation was ndicated by

coarsering of the fibrous microstructure.  As with the magret.caily orienteg
mesGphase, okidation proceeded to equlvalent Jepths from the free surface atd
T UM Cracks With daccess tu oxygern. Insufficientiy oxid:zed mesophase melted

anl was often Jdriven from within the oxidized casing by the pressure of -

™
<
|
w
-
T
o
—
.
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all mesophase specimens, the oxidation process showed -
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We recently extended our stabilization experiments to mesophase-

in therma.:

of

impregnated fiber composites for which the mismatch expansion

network shrinkage

Although

between fiber and mesophase forces an extensive

ro

cracks. ! Composite panels as thick as 8 mm have been stabilized.
oxidation levels higher than 15 wt% were involved, the oxygen was evolved from

the matrix during carbonization without damage to fiber or matrix and without

10ss in net carbon yleld.
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VI. DISCUSSION

» Our wunderstanding of the mesophase and its microstructures is still
rudimentary, but observations of deformation effects and disclination reac-
i tions are sufficient to suggest how the quite different fiber morphologies of

Fig. 2 originate. The extensive draw involved in filament spinning must

Ol

produce a dense array of wedge disclinations lying within easy reaction

distance. The extent to which reactions occur depends on viscosity and rate

of cooling after spinning. Under conditions of low viscosity and gentle
quench, disclination annihilation reactions may proceed to completion, leaving
a single +2n wedge disclination at the center of a radial filament; upon car-
bonization, the characteristic open wedge is formed by mesophase shrinkage
perpendicular to the layers. The random-core filament results from higher

mesophase viscosity and more severe quenching to trap an appreciable number of

p

disclinations to form the random core. The oval filament, then, represents an

intermediate state of disclination reaction that leaves two +n wedge

P i S A

disclinations separated by an oriented core; the oval shape results, again,

from anisotropic mesophase shrinkage during carbonization.

.
g

The essential elements of a mesophase technology can now be perceived for

the preparation of carbon materials having controlled disclination arrays.

Following the path developed empirically for mesophase carbon fibers, that

< N WL LR

technology consists of manipulating the mesophase in its plastic state to form

desired disclination structures, then oxidizing the mesophase to stabilize the
shape and microstructure for carbonization. How far such paths can be pursued

to produce useful products--pencil leads, to offer a very practical example--

EAENENE N

depends critically on questions of mesophase behavior that have not yet
received careful scrutiny; for example, What determines the formation of
distributed shrinkage cracks instead of massive fractures when a mesophase

- body of complex microstructure is carbonized?

This discussion of disclination structures has been developed entirely in
terms of the carbonaceous mesophase. Disclinations must also be anticipated

in carbons formed by processes other than the mesophase transformation, e.g.,

25
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from the glass-forming precursors used to produce PAN-based carbon fibers.

From extensive studies by high-resolution electron microscopy, Oberlin and

s

coworker522 have proposed the disclinated model of Fig. 14 for PAN-based

carbon fiber. What distinguishes that model from the mesophase carbon fibers ",;:\

-

b are the close spacing of disclinations and the fine elongated porosity that 20
appears to limit those fibers to lower density levels. !‘i

*:’.',
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Fig. 4. Structural model for PAN-based carbon fiber; after Guigon ~t al.
(Ref. 22).
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LABOKATUKY OPERATLONS

The Aerovspdace Corporation tunctions as an “architect ~emiiaeer  Tor
national security projects, spectalizing in advanced militdry space systens.
Providing research support, the corporation’s Lahoratory uperatisns @ oaducts
experimental and theoretical investigations that tocus on the application !
scientitic and technical advances to soch svstems. Vital o the saccess ot
these investigations is the technical statf's wide-ranging expertiise 4ana iis

ability to stay current with new developments. This expertlse 15 ennanced by

a research program aimed at dealing with the many problems associdtea with

L.

t
.

rapidly evalving space systems. Contributing their 2dpahilities to tie

1.

research etfort are these individual laboratories:

L

N

Acvrophysics Laboratory: Launch vehtcle and reentry tluld mecbant s, hegt ',.\:-

trans!.r and tlight dynamics: chemical and electric propulsion, propeilant ,N ‘]

chemistry, chemical dvnamics, environmental chemistry, trdce detection; f\ g
spacecraft structural mechanics, contamination, thermal and structural f}

control; high temperature thermomechanics, gas winetics and radiation; -« and f: '

pulsed chemical and excimer laser development including chemical «laetics,
spectroscopy, optical resonators, heam controi, atmospheric propagation, Lascer
ettects and countermeasures.

r N

A A

Chemistry and Phvsics Laboratory: Atmospheris chemisal ted tiods, ;
atmospheric optics, light scattering, state-specitic chemical redastioas and v
radtative signatures of missile plumes, sensar oHut -o! -tield ot -view Tecection, f‘f
applied laser spectroscopyv, laser chemistrv, laser optoelectr nles, solar cell By

vy

physics, battery electrochemistry, space vacuum and radiation eftects o
matertals, lubrication and surtace phenomena, thermionic emission, phata-
seasitive matertals and detectors, atomie trequency stacdaris, and
vavironmental chemistry.

'y

Camputer Science Lahoratory: Program veritloation, progrgm traasistioang,

pertormance-sensitive system design, distributed architectures tar spicehorne
computers, tault-tolerant computer svétems, artificial intelligence
electronics anplications, communication protacals, and computer <ecaritv.

mler o

Eiectronics Resedrch Laboratory:  Microele troanics, solild-state Jeoice
phvsics, compound semiconductors, radiation hardening; electro-ontics, juantuam
vlesteanios

, solld-state casers, optical propagation and communtications;

>
Gl towave semiconductor devices, microwave /mlliimeter wave neasarements,
diasostres and ratiometry, microwave mislimeter wave thermi ol devices,
Atomic time and

d tregquency standards; aatennas, rtosvstems, clectrornagnetic

Propagdtian phenomena, space communicdation svstems,

Materia.s Seiences laborato

Development ol new materials: aetals,
allave, ceramics, polvmers and thelr compasites, and new foras o0 carkoa, qn
festrun tive evaludation, companent tailare analvsis and reltabrilty;, friactare
T BAnlos Aand SLress cnTrost ;g analvsis and evaluation or =atertals at
rvorents and elevated temperatures as well as in space and cremv-induced
cosliranments.,

SPAce SCenoes sharatosry: Maynetaspheric, aurordi and cosmic o ray

prastios, wave sparticie 1nteractions, magnetospheric plasma waves, itmosphert,

LarospleTie phvsd tvoanrd vampoasition ol the upper abtoosphere

Temole SeNsSIng using radiatian, soiar phvsics, 1ntrared astoooromy, w
~

trtrared SIynatare anaissisg eltects O Soiar vty maeaet o stares 4 4 "_~

| ' D

o lear explasione o e earth’s atmosphere, tonosphere amd mast et osptere .

etlect s b e e trongs ety 1 partical ate radlatl s e S e SEsTems o s g e \':_
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